Borrelia burgdorferi, the agent of Lyme disease, promotes proinflammatory changes in the endothelium that lead to the recruitment of leukocytes. The host immune response to infection results in increased levels of IFN-␥ in the serum and lesions of Lyme disease patients that correlate with greater severity of disease. Therefore, the effect of IFN-␥ on the gene expression profile of primary human endothelial cells exposed to B. burgdorferi was determined. B. burgdorferi and IFN-␥ synergistically augmented the expression of 34 genes, 7 of which encode chemokines. Six of these (CCL7, CCL8, CX3CL1, CXCL9, CXCL10, and CXCL11) attract T lymphocytes, and one (CXCL2) is specific for neutrophils. Synergistic production of the attractants for T cells was confirmed at the protein level. IL-1␤, TNF-␣, and LPS also cooperated with IFN-␥ to induce synergistic production of CXCL10 by the endothelium, indicating that IFN-␥ potentiates inflammation in concert with a variety of mediators. An in vitro model of the blood vessel wall revealed that an increased number of human T lymphocytes traversed the endothelium exposed to B. burgdorferi and IFN-␥, as compared with unstimulated endothelial monolayers. In contrast, addition of IFN-␥ diminished the migration of neutrophils across the B. burgdorferi-activated endothelium. IFN-␥ thus alters gene expression by endothelia exposed to B. burgdorferi in a manner that promotes recruitment of T cells and suppresses that of neutrophils. This modulation may facilitate the development of chronic inflammatory lesions in Lyme disease.
L yme disease (LD)
3 is the most common vector-borne disease in the United States. The etiologic agent of LD, Borrelia burgdorferi, is transmitted to its mammalian host via a bite from an infected Ixodes tick (1) . Upon transmission to humans, the spirochetes spread in the skin and induce a local inflammatory response characterized by recruitment of neutrophils, macrophages, and lymphocytes. The spirochetes then disseminate through the blood and lymph to secondary sites of infection including the heart, joints, and nervous system. Dissemination results in a more chronic inflammatory response involving recruitment of lymphocytes and plasma cells (2) .
The endothelial lining of the blood vessel wall is the first barrier encountered by migrating leukocytes and therefore plays an important role in their recruitment. B. burgdorferi causes proinflammatory changes in endothelia in vitro, including up-regulation of adhesion molecules for leukocytes, secretion of chemokines, and subsequent enhancement of the transmigration of several types of leukocytes (3) (4) (5) (6) (7) (8) (9) . The development of Lyme arthritis in animal models is associated with the production of chemokines that attract neutrophils. Mice that carry a deficiency in CXCR2, a receptor for neutrophil-specific chemokines, develop less severe arthritis upon infection with B. burgdorferi (10) . These data suggest that neutrophils are key mediators of murine Lyme arthritis. Despite their role in the murine model, neutrophils are much less abundant in the synovial tissues of human LD patients, where T lymphocytes and plasma cells predominate (11) .
Several lines of evidence indicate a role for T lymphocytes in the pathogenesis of human LD. T lymphocytes that secrete IFN-␥ are selectively recruited by endothelia exposed to B. burgdorferi in vitro (9) . Similarly, the synovial fluids of Lyme arthritis patients are enriched for Th1 cells, which secrete IFN-␥, and their presence correlates with the severity of arthritis (12) . There is also a high correlation between symptom score in LD and the serum levels of IFN-␥ (13) . In addition, as compared with circulating T lymphocytes, a greater proportion of T cells in cutaneous lesions of LD patients express the chemokine receptors CXCR3 and CCR5, which are associated with a Th1 phenotype. Therefore, IFN-␥ and the T lymphocytes that secrete it appear to be critical mediators of the inflammatory response in LD. Moreover, CXCR3 is the receptor for the IFN-␥-induced chemokines CXCL9, CXCL10, and CXCL11 (14) and the abundance of CXCR3 ϩ T cells in LD lesions suggests that IFN-␥ may facilitate their recruitment.
In this study, we provide the first evidence that B. burgdorferi cooperates with IFN-␥ to synergistically augment transcription of 34 genes by primary human endothelial cells. Of these genes, 6 encoded chemokines that attract T lymphocytes. In contrast, levels of transcripts encoding chemoattractants for neutrophils remained mostly unaltered. Further analysis verified that concurrent exposure to IFN-␥ and B. burgdorferi drove endothelial cells to secrete high levels of chemokines that recruit T cells. Moreover, addition of IFN-␥ to endothelial monolayers activated by B. burgdorferi promoted transmigration of T cells but suppressed that of neutrophils. IFN-␥ thereby likely mediates the shift toward a chronic inflammatory response in human LD.
Isolation and culture of endothelial cells
HUVEC were isolated from umbilical cords by collagenase perfusion as previously reported (15) . In brief, the umbilical vein was flushed with HEPES-buffered saline and then incubated at 37°C for 12 min with 0.35 mg/ml type II collagenase (Worthington), followed by a wash with medium 199 (Invitrogen Life Technologies) containing 5% FBS (HyClone Laboratories). The HUVEC were cultured for up to 5 days in medium 199 supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), amphotericin B (2 g/ml), and 20% FBS (referred to as 20% medium), passaged once, and used for experiments upon reaching confluence.
Microarray analysis
HUVEC were plated on 60-mm diameter tissue-culture dishes (Corning Glass Works) at 1.7 ϫ 10 6 cells in 3 ml of 20% medium and grown to confluence. The HUVEC were washed three times with assay medium (medium 199 supplemented with 25 mM HEPES (pH 7.2) and 20% FBS that was heat inactivated at 56°C for 30 min). Next, B. burgdorferi (10 sp/EC), IFN-␥ (100 U/ml), B. burgdorferi and IFN-␥ combined, or assay medium alone was added and the cells were incubated for 8 h at 37°C. RNA was isolated with TRI Reagent (Sigma-Aldrich) according to the manufacturer's instructions. DNA was removed from all RNA samples using the DNA-free kit (Ambion) as specified by the manufacturer. RNA samples were stored at Ϫ80°C and then analyzed by the Stony Brook University DNA Microarray Facility using the Affymetrix Human U133 Expression Array Plus 2.0.
The microarray data were analyzed using the Affy and Limma modules of the Bioconductor package for the R statistical environment (16, 17) ; the robust multichip averaging function was used for normalization of expression values (18) . Gene ontology classifications were determined using the Gene Ontology Consortium (19) based on the current probe annotations provided by Affymetrix. A positive synergy score was determined by dividing the endothelial gene expression intensity induced by stimulation with B. burgdorferi and IFN-␥ combined by the sum of the gene expression intensities induced by either stimulus alone. A negative synergy score was calculated by dividing the inverse of the gene expression level induced by B. burgdorferi and IFN-␥ combined by the sum of the inverses of the gene expression levels attributed to the individual stimuli; this number was multiplied by Ϫ1 to give the negative synergy score a negative value for representative purposes.
All microarray data described in this study have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/) with the accession no. GSE6092.
Analysis of gene-specific transcripts
HUVEC were seeded in 12-well dishes at 6 ϫ 10 5 cells/well in 20% medium and cultured to confluence. Monolayers were incubated with medium alone (calibrator) or stimulated with B. burgdorferi (10 sp/EC), IFN-␥ (100 U/ml), or the two agents combined in 1.5 ml of 20% medium for 8 h. RNA was isolated using an RNeasy Mini kit (Qiagen) according to the manufacturer's instructions and stored at Ϫ80°C. Subsequently, any remaining genomic DNA was removed and cDNA was amplified from the RNA samples with a QuantiTect Reverse Transcription kit (Qiagen) in a Mastercycler gradient thermal cycler (Eppendorf). The cDNA was amplified using gene-specific primers (CXCL2, CXCL10, CXCL11, and GAPDH; QuantiTect Primer Assays) and the QuantiTect SYBR Green PCR kit provided by Qiagen. Reactions were conducted on three replicate samples in a MicroAmp Optical 96-Well Reaction Plate (Applied Biosystems) in an Applied Biosystems 7500 Real-Time PCR System. Relative quantification values were calculated via the comparative threshold cycle method using SDS software version 1.3.1 (Applied Biosystems).
Measurement of chemokines
HUVEC were plated in 48-well dishes at 1 ϫ 10 5 cells/well in 0.5 ml of 20% medium. At confluence, B. burgdorferi was added at 10 sp/EC in the absence or presence of 100 U/ml IFN-␥ and cultures were incubated at 37°C for 24 h. Conditioned media were collected, clarified by centrifugation, and stored at Ϫ80°C before analysis. ELISAs for CXCL8, CXCL9, CXCL10, CXCL11, CCL7 (R&D Systems), and CCL8 (Ray Biotech) were performed according to the manufacturers' instructions. To determine cell surface expression of CX3CL1, 2 ϫ 10 4 HUVEC were plated in 100 l of 20% medium in a 96-well plate and stimulated as above. A mAb to CX3CL1 was used in a whole cell ELISA as previously described (5) .
To determine the effects of various cytokines and bacterial products on IFN-␥-induced expression of CXCL10, HUVEC were incubated with TNF-␣ (1 ng/ml), IL-1␤ (0.1 U/ml), or E. coli LPS (2 ng/ml) in the absence or presence of IFN-␥ (100 U/ml) for 24 h at 37°C. Conditioned media were collected, clarified by centrifugation, and stored at Ϫ80°C before analysis by ELISA.
Transendothelial migration assays
Human T lymphocytes were isolated from the venous blood of healthy donors, after obtaining informed consent. Collection of blood for these studies was approved by Stony Brook University's Committee on Research Involving Human Subjects. Blood was collected in a final concentration of 0.12% EDTA as an anticoagulant, then diluted with an equal volume of PBS without Ca 2ϩ and Mg 2ϩ and layered over Accu-Prep density gradient medium (Accurate Chemical Scientific). Following centrifugation at 920 ϫ g for 20 min, the PBMC were collected from the plasma/Accu-Prep interface, diluted with an equal volume of PBS without Ca 2ϩ and Mg 2ϩ , and centrifuged at 920 ϫ g for 6 min. The cells were next washed three times with 10 ml of PBS containing 0.5% low-LPS BSA (Serologicals) and 2 mM EDTA and centrifuged at 200 ϫ g for 7 min to remove platelets. T lymphocytes were isolated from the remaining PBMC by negative selection via the Pan T Cell Isolation kit II (Miltenyi Biotec) as specified by the manufacturer. T lymphocytes were Ն99% pure as determined by flow cytometric detection of CD3 expression. Human neutrophils were isolated from venous blood that was anticoagulated with 0.12% EDTA. In brief, RBC were sedimented with 0.6% dextran (Pharmacia) for 45-60 min. The leukocyte-rich plasma was layered over Accu-Prep density gradient medium and subjected to centrifugation as previously described (20) . Neutrophils (ϳ98% pure) were resuspended at 2 ϫ 10 6 cells/ml in assay medium.
For the transmigration assay, HUVEC were plated on acellular amniotic connective tissue attached to Teflon rings, as previously described (21) . After 7-10 days, when maximal transendothelial electrical resistance is achieved (15) , the HUVEC-amnion cultures were washed three times with assay medium and subsequently stimulated with B. burgdorferi (10 sp/EC), IFN-␥ (100 U/ml), or the two stimuli combined for 24 h. The HUVECamnion cultures then were washed three times and freshly isolated leukocytes (1 ϫ 10 6 cells/ring) were added. The T cells or neutrophils were allowed to migrate at 37°C for 4 h or 30 min, respectively. The HUVECamnion cultures were fixed overnight in 10% buffered formalin at 4°C and removed from the Teflon rings. They were then stained with modified Wright stain (Sigma-Aldrich) and the leukocytes associated with each culture were counted in nine fields at ϫ400 using a bright-field microscope. To determine the percentage of leukocytes that had migrated beneath the endothelium, the HUVEC-amnion cultures were dehydrated, embedded in glycol methacrylate, and cross-sectioned perpendicular to the plane of the endothelial monolayer. The sections were stained with toluidine blue and analyzed by light microscopy (5). A minimum of 100 leukocytes was counted to determine the proportion of cells above and below the endothelium. Any loss of leukocytes from the apical surface of the endothelium during the embedding process was corrected for as previously described (22) .
Statistics
Microarray data were analyzed by linear modeling and empirical Bayesmoderated t-statistic methods using the Limma module of the Bioconductor package for the R statistical environment (16, 17) . All other data were subjected to an unpaired ANOVA followed by the Tukey-Kramer multiplecomparison test using InStat statistical software (GraphPad Software).
Results

Synergistic induction of endothelial gene expression by B. burgdorferi and IFN-␥
We sought to determine whether B. burgdorferi and IFN-␥ independently or cooperatively enhance the expression of proinflammatory mediators by endothelia. To this end, HUVEC were treated with B. burgdorferi, IFN-␥, a combination of the two, or medium alone for 8 h and the RNA was isolated for microarray analysis.
Activation of HUVEC with B. burgdorferi resulted in the differential regulation of relatively few genes. No genes were significantly down-regulated in response to B. burgdorferi, whereas the transcription of 23 genes was augmented 2-fold or more (Table I) . Eleven of these genes have been reported to be induced by B. burgdorferi in various cell types or infected hosts (3) (4) (5) (23) (24) (25) . A number of the up-regulated genes encode adhesion molecules or chemokines with known roles in recruitment of leukocytes; the products of four (ICAM-1, VCAM-1, CXCL8, and CCL2) have been demonstrated to promote migration of leukocytes across B. burgdorferi-activated endothelium in vitro (4, 7, 9) . In contrast to treatment with B. burgdorferi, exposure of HUVEC to IFN-␥ alone produced changes in the levels of transcription for a relatively large number of genes. A small subset of these genes are classified as mediators of inflammation according to the Gene Ontology Consortium (12 of 215 up-regulated genes and 1 of 62 downregulated genes; supplemental data 4 ) and may thus contribute to the pathogenesis of LD.
Notably, several of the proinflammatory genes induced by either B. burgdorferi or IFN-␥ were up-regulated much more strongly by a combination of the two agents. Abundant amounts of the products of these genes would likely be present in lesions of LD. Therefore, we decided to focus our attention on this group. To search systematically for cooperation between B. burgdorferi and IFN-␥, a synergy score was calculated for each gene by dividing the gene expression intensity induced by the combination of B. burgdorferi and IFN-␥ by the sum of the intensities attributed to the individual stimuli. Genes were considered synergistically up-regulated if they had a synergy score Ն1. 25 . By this criterion, concomitant stimulation of endothelium with B. burgdorferi and IFN-␥ resulted in synergistic increases in the expression of 34 genes (Table II) .
Many of these encode mediators of innate and acquired immunity and thus presumably play a role in the development of LD. For example, MHC CIITA regulates expression of a variety of genes involved in processing of Ags (26) . Remarkably, 9 of the 34 genes that were synergistically induced by B. burgdorferi and IFN-␥ encode mediators of leukocyte recruitment. Two of the genes encode adhesion molecules, namely ICAM-1 and VCAM-1, which bind to integrins on most types of leukocytes (27) . Their increased expression would therefore be expected to foster inflammation in general. The other 7 genes code for chemokines, including CCL7, CCL8, CXCL9, CXCL10, CXCL11, CX3CL1, and CXCL2, the first 6 of which are attractants for T lymphocytes (28 -32) . Their presence in vivo would thus favor development of chronic inflammatory lesions. Only CXCL2 is a chemoattractant for neutrophils (33) , which typically accumulate during acute inflammation.
To assess the validity of the microarray results, levels of transcripts for selected chemokines (CXCL2, CXCL10, and CXCL11) were also measured by real-time PCR. The results obtained by this methodology (data not shown) mirrored those of the microarray analysis and thus verified the synergistic induction of all three genes in response to B. burgdorferi and IFN-␥. Moreover, the cooperative production of the six chemokines that attract T cells was confirmed at the protein level, where synergistic effects were even more marked than at the transcriptional level. For these studies, HUVEC were stimulated with B. burgdorferi, IFN-␥, or the two agents combined for 24 h. Chemokines were then measured in conditioned medium or on the cell surface by ELISA (Fig. 1) . Little to no production of any of these chemokines occurred under basal conditions or in response to B. burgdorferi. In contrast, IFN-␥ alone elicited secretion of CCL8, CXCL9, CXCL10, and CXCL11, as well as cell surface expression of CX3CL1. In 4 The online version of this article contains supplemental material. corroboration of the microarray findings, B. burgdorferi in combination with IFN-␥ stimulated a 2-to 8-fold further increase in synthesis of these five chemokines compared with IFN-␥ by itself. Endothelial secretion of CCL7 was significantly augmented only by the endothelium exposed to the combination of B. burgdorferi and IFN-␥.
We next determined whether the ability to cooperate with IFN-␥ is shared by other proinflammatory mediators. CXCL10 was used as the readout for this study, given that it was the most abundantly produced of the six chemokines examined at the protein level (Fig.  1) . In addition, CXCL10 has been implicated in the pathogenesis of LD, because amounts are elevated in the cerebrospinal fluid of patients with neuroborreliosis (34, 35) . To assess cooperation of IFN-␥ with additional mediators, HUVEC were incubated for 24 h with IL-1␤, TNF-␣, or E. coli LPS, in the absence or presence of IFN-␥. Each of these stimuli alone provoked little to no endothelial secretion of CXCL10, but all elicited synergistic responses in the presence of IFN-␥ (Fig. 2) .
The amount of time required for B. burgdorferi and IFN-␥ to augment production of CXCL10 was ascertained by incubating HUVEC with IFN-␥ in the absence or presence of B. burgdorferi for 4, 8, 12, 18, or 24 h. Stimulation with IFN-␥ elicited endothelial secretion of CXCL10 as early as 4 h, which was unaltered by the presence of B. burgdorferi (Fig. 3) . By 18 h, however, B. burgdorferi cooperated with IFN-␥ to induce significantly more secretion of CXCL10 than did IFN-␥ alone. B. burgdorferi thus potentiates the IFN-␥-induced endothelial secretion of CXCL10 in a time-dependent manner.
Transendothelial migration of leukocytes
Our studies revealed a substantial increase in production of chemokines that attract T lymphocytes by endothelium incubated simultaneously with B. burgdorferi and IFN-␥. To ascertain whether this increase results in enhanced recruitment of T cells, we used an in vitro model of the blood vessel wall consisting of HUVEC grown to confluence on amniotic connective tissue (21) . These HUVEC-amnion cultures were treated with B. burgdorferi, IFN-␥, the two stimuli combined, or medium alone for 24 h. Freshly isolated human T lymphocytes were then added to the apical side of the cultures and allowed to migrate for 4 h. Four experiments using T lymphocytes from different donors were performed, one of which is shown in Fig. 4 . In all experiments, stimulation of endothelium with either B. burgdorferi or IFN-␥ resulted in an ϳ2-fold increase in the number of T cells that migrated, compared with control, untreated monolayers. Migration of T cells across HUVEC incubated with both B. burgdorferi and IFN-␥ was significantly greater than across resting endothelium in all experiments and, in two, the combined stimuli elicited a significantly stronger response than either agent alone. (18) .
b The synergy score is equal to the endothelial gene expression intensity induced by stimulation with B. burgdorferi and IFN-␥ combined divided by the sum of the gene expression intensities induced by either stimulus alone.
c Not annotated.
Our microarray data revealed that expression of a chemoattractant specific for neutrophils, namely CXCL2, was synergistically up-regulated by concurrent stimulation of endothelium with B. burgdorferi and IFN-␥. However, addition of IFN-␥ did not alter B. burgdorferi-induced transcription of CXCL8, which was previously shown to be the predominant chemoattractant responsible for migration of neutrophils across endothelium exposed to B. burgdorferi in vitro (4) . Therefore, we tested whether IFN-␥ modulates the recruitment of neutrophils in response to B. burgdorferi. To this end, HUVEC-amnion cultures were incubated with medium alone, IFN-␥, B. burgdorferi, or a combination of the two stimuli for 24 h. Freshly isolated human neutrophils were then added and permitted to migrate for 30 min. In corroboration of previous findings (4), preincubation of the endothelium with B. burgdorferi significantly enhanced the transmigration of neutrophils (Fig. 5) . Interestingly, addition of IFN-␥ significantly diminished the number of neutrophils that traversed the B. burgdorferistimulated endothelium. In four separate experiments, the decrease in neutrophil migration averaged 65% and ranged from 40 to 89%. Despite the lack of change in the transcript levels of CXCL8 observed in our microarray analysis, we decided to determine whether a decrease in secretion of CXCL8 by endothelium exposed to B. burgdorferi and IFN-␥ was responsible for the diminished transmigration of neutrophils. However, the presence of IFN-␥ did not markedly affect endothelial secretion of CXCL8 in response to B. burgdorferi (data not shown). To search for other mechanisms by which recruitment of neutrophils might be decreased, we evaluated our microarray data for genes that were cooperatively down-regulated in response to B. burgdorferi and IFN-␥. A negative synergy score was calculated as described in the Materials and Methods and genes with scores ՅϪ1.25 were classified according to the Gene Ontology Consortium. A large number of genes (237) were synergistically down-regulated, but only four were determined to be involved in inflammation or the immune response (supplemental data). Moreover, no genes cooperatively down-regulated by B. burgdorferi and IFN-␥ had an obvious role in endothelial recruitment of leukocytes to sites of inflammation.
Discussion
LD in humans is characterized by recruitment of leukocytes to the infected tissues (2), as well as an associated increase in the levels of the host cytokine IFN-␥ (12, 13) . In this study, microarray analysis of primary human endothelial cells was used to assess the potential role of IFN-␥ in mediating the pathology of human LD. We focused on the endothelium due to its central role in regulating trafficking of leukocytes by means of the adhesion molecules and chemoattractants that it synthesizes. We found that B. burgdorferi and IFN-␥ cooperated to up-regulate the endothelial expression of a variety of genes that are known mediators of leukocyte recruitment. In particular, IFN-␥ directed B. burgdorferi-activated endothelium to produce high levels of several chemoattractants for T cells. This finding is consistent with the observation that T cells predominate in chronic inflammatory lesions of the joints, skin, heart, muscles, and nervous system of patients with LD (2, 11, 36) . Two of the chemokines that were synergistically up-regulated in our study, CXCL10 and CXCL11, are increased in the cerebrospinal fluids of LD patients, suggesting that they facilitate the observed recruitment of T cells to this site (34, 35, 37) . Moreover, T cells that secrete IFN-␥ are found in the synovial fluids of patients with Lyme arthritis and their numbers are positively correlated with the severity of pathology in the joint (12) . Thus, T cells are recruited to the lesions of infected humans, where they have been implicated in the pathogenesis of LD.
The functional consequences of increased endothelial expression of chemokines in response to IFN-␥ and B. burgdorferi were explored using a well-characterized model of the blood vessel wall. It has been shown previously that results obtained with this model are consistent with observations made in vivo. Specifically, HUVEC-amnion cultures exposed to B. burgdorferi preferentially recruit CD4 ϩ and CD8 ϩ T cells that secrete IFN-␥ (9), as well as T cells that express CD45RO (6) . Similarly, studies in humans revealed a selective accumulation of CD45RO ϩ CD27 ϩ memory T cells and IFN-␥-secreting Th1 cells in the cutaneous lesions and synovial fluids, respectively, of LD patients (12, 13) . Given that B. burgdorferi and IFN-␥ cooperatively induce increases in secretion of T cell attractants by endothelia, we expected that the combined stimuli would enhance transendothelial migration of T lymphocytes in our in vitro model. Indeed, treatment of endothelium with both B. burgdorferi and IFN-␥ significantly augmented the migration of human T cells as compared with that across untreated endothelium in all experiments. However, the number of T cells that transmigrated in response to the combination of B. burgdorferi and IFN-␥ significantly exceeded that elicited by either stimulus alone in only two of four experiments. We speculate that in the remaining two experiments, B. burgdorferi or IFN-␥ alone stimulated secretion of sufficient amounts of chemokines to provoke a maximal migratory response from the T cells. In support of this notion, B. burgdorferi by itself elicits endothelial production of CCL2 at levels that are capable of inducing maximal migration of T lymphocytes in vitro (9, 38) . Moreover, at the time (18 h) required for B. burgdorferi to significantly augment production of CXCL10 in response to IFN-␥ (Fig. 3) , IFN-␥ on its own provoked secretion of CXCL10 at concentrations that in vitro result in maximal chemotaxis of T cells (30) . Although in some instances B. burgdorferi or IFN-␥ individually appeared to facilitate a maximal migratory response in the HUVEC-amnion model, this is probably not the case in vivo. In the body, accumulation of chemokines is limited through dilution by tissue fluids and blood, as well as removal by scavenger receptors (39) . Thus, the high concentrations of chemokines induced cooperatively by B. burgdorferi and IFN-␥ are likely crucial for achieving maximal endothelial recruitment of T lymphocytes in vivo.
Our microarray results revealed that HUVEC stimulated with B. burgdorferi and IFN-␥ synergistically increased the transcription of six chemokines specific for T cells but only a single neutrophilspecific attractant, CXCL2. A deficiency in the receptor for this ligand, CXCR2, results in decreased recruitment of neutrophils and less severe arthritis in the murine model of LD (10) . Therefore, we examined the potential role of IFN-␥ in modulating endothelial recruitment of neutrophils. Interestingly, the addition of IFN-␥ markedly and consistently reduced migration of human neutrophils across endothelium stimulated with B. burgdorferi. However, this reduction in neutrophil recruitment by IFN-␥ did not result from decreased endothelial secretion of CXCL8, a chemokine previously shown to drive migration of neutrophils across B. burgdorferi-stimulated endothelium (4). Therefore, diminished recruitment of neutrophils by endothelium stimulated with B. burgdorferi and IFN-␥ suggests a mechanism of specific suppression of neutrophil transmigration that is not dependent on chemokines and still allows for the increased transmigration of T cells.
The presence of IFN-␥, as well as its positive correlation with severity of disease, has been thoroughly documented in human LD (12, 13, 40, 41) . However, mice deficient in IFN-␥ or its receptor develop Lyme arthritis that is no less severe than that seen in wild-type animals (42, 43) . It should be noted, however, that the inflammatory infiltrates in joints of humans and mice infected with B. burgdorferi vary considerably. In human LD patients, the infiltrate consists predominately of T lymphocytes and plasma cells (2, 11, 36) . Although neutrophils are found in the synovial fluids, they are rarely seen in the synovium itself (11) . In sharp contrast, the joints in mice show little to no infiltration of T lymphocytes or plasma cells and contain many neutrophils (44, 45) . The stark differences between the types of leukocytes that infiltrate joints in human vs murine LD may explain the apparent discrepancy between our findings, which support a role for IFN-␥ in mediating severity of Lyme arthritis in humans, and those that indicate no difference after genetic ablation of IFN-␥ in the murine model. In addition, our data indicate that IFN-␥ promotes a switch toward a more chronic inflammatory response to B. burgdorferi. Specifically, we show that the presence of IFN-␥ decreased the recruitment of neutrophils but increased the recruitment of T lymphocytes. Therefore, IFN-␥ may serve as the mechanism by which infiltration of neutrophils in human Lyme arthritis is suppressed and recruitment of T lymphocytes is enhanced. Furthermore, T lymphocytes are a rich source of IFN-␥ and those that secrete it are selectively recruited by B. burgdorferi both in vivo (12, 13) and in vitro (9). IFN-␥ would then act as a positive-feedback mediator that aids B. burgdorferi in the recruitment of these T cells, which in turn secrete additional IFN-␥. This process would facilitate continued renewal of IFN-␥ and thereby contribute to the destructive inflammation and arthritis observed in human LD.
IFN-␥ cooperated with not only B. burgdorferi to augment endothelial secretion of CXCL10, but also TNF-␣, IL-1␤, and E. coli LPS. Previous literature supports the assertion that the synergistic induction of chemokines in cooperation with IFN-␥ is shared by a variety of host and bacterial proinflammatory mediators. Stimulation of endothelia with TNF-␣ and IFN-␥ synergistically augments expression of CX3CL1, CXCL9, CXCL10, and CXCL11 (3, 46, 47) . In addition, ligands for TLR2 and TLR4 cooperate with IFN-␥ to induce synergistic secretion of CXCL9, CXCL10, and CXCL11 by fibroblasts (48, 49) . Although B. burgdorferi and host cytokines share the ability to induce endothelial production of chemokines, it is important to note that activation of HUVEC by B. burgdorferi is not mediated by autologous secretion of IL-1␤ or TNF-␣ (4). However, IL-1␤ and TNF-␣ are secreted by human monocytes in response to B. burgdorferi (50) , which suggests that these cytokines may potentiate the effects of IFN-␥ on synthesis of chemokines in LD. In addition, other inflammatory arthritides, such as rheumatoid and septic arthritis, are characterized by marked increases in the levels of many of the chemokines that are synergistically up-regulated by B. burgdorferi and IFN-␥, including CCL8, CXCL9, CXCL10, CXCL11, and CX3CL1 (48, 49, (51) (52) (53) (54) . IFN-␥ thus cooperates with several proinflammatory stimuli to enhance secretion of chemokines and thereby likely facilitates enhanced recruitment of leukocytes and ongoing inflammation in a variety of pathological conditions.
